Abstract-Plasma processing of carbon fibers (CFs) is aimed to provide better contact and adhesion between individual plies without decrease in the CF mechanical resistance. This paper deals with surface modification of CFs by an atmospheric pressure dielectric barrier discharge (DBD) for enhancing the adhesion between the CF and the polymeric matrix. The scanning electron microscopy of the treated samples revealed many small particles distributed over entire surface of the fiber. These particles are product of the fiber surface etching during the DBD treatment that removes the epoxy layer covering as-received samples. The alteration of the CF surface morphology was also confirmed by the Atomic force microscopy (AFM), which indicated that the CF roughness increased as a result of the plasma treatment. The analysis of the surface chemical composition provided by X-ray photoelectron spectroscopy showed that oxygen and nitrogen atoms are incorporated onto the surface. The polar oxygen groups formed on the surface lead to the increasing of the CF surface energy. The results of interlaminar shear strength test (short beam) of CFs/polypropylene composites demonstrated a greater shear resistance of the composites made with CFs treated by DBD than the one with untreated fibers. Both the increase in surface roughness and the surface oxidation contribute for the enhancement of CF adhesion properties.
I. INTRODUCTION

L
AST DECADE, carbon fibers (CFs) have been extensively used for manufacturing thermoplastic composites. This high-performance material has found multiple applications in aerospace, marine, and automobile industry due mainly to its favorable engineering properties, such as lower density, enhanced toughness, excellent fire resistance, and easy recyclability. One problem that can seriously compromise the performance of this material (when no previous surface treatment of CFs is applied) is to obtain composites with low interlaminar shear strength [1] . Therefore, the plasma processing of CFs is aimed to provide better contact and adhesion between individual plies without decreasing the CF mechanical resistance [2] , [3] . This surface modification is originated by the introduction of chemical functional groups and surface morphology alteration during the treatment [4] . The plasma treatment of CFs by air dielectric barrier discharge (DBD) at atmospheric pressure is much cheaper than other plasma treatments because it needs no closed chambers, special gases, and expensive vacuum equipment [3] . Thus, it permits large-scale industrial processing more easily than low-pressure plasmas [2] .
Currently, other materials, such as polyester textile materials [5] , Twaron fibers [4] , polyester fabric with fluoropolymers [6] , and epoxy composites [7] , have been treated with atmospheric pressure plasmas in order to improve their adhesion properties.
This paper deals with surface modification of CFs by an atmospheric pressure DBD in air. The treated and untreated CFs were characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and atomic force microscopy (AFM). The mechanical properties of composite samples produced from as-received and treated CFs were evaluated by interlaminar shear strength test (ILSS). In this paper, a relationship between the treatment time and the shear resistance of fiber composites treated by the DBD was obtained.
II. EXPERIMENTAL
CFs (polyacrylonitrile precursor) were purchased from Hexcel Company (USA) with plain weave fabric style, containing 3000 monofilaments in each tow with epoxy coating (sizing), code AGP-193-P. Each CF monofilament has diameter of around 8 μm. The fibers were used as received. The polypropylene matrix was used in the form of film with 0.85 mm of thickness. It was handed over by the Polibrasil Resinas industry, and it is called isotactic polypropylene with code PP. The material presented a density of 0.95 g/cm 3 and a melting point of approximately 170
• C.
A. DBD Treatment
The plasma reactor (15.5-cm-diameter cylindrical enclosure made of Plexiglas) operates in air with essentially uniform electric field, generating the DBD between two circular aluminum electrodes with a diameter of 9.5 cm. The bottom reactor electrode was connected to a high-voltage source while the upper electrode was grounded. barriers. The dielectric used was Mylar with a thickness of 0.5 mm. The distance between the electrodes was set at 2.5 mm for all treatments. A schematic of the DBD system is presented in Fig. 1 . CF samples with an area of 7.0 × 7.0 cm 2 were placed on the dielectric layer covering the bottom electrode. The DBD consists of a large number of filamentary discharges randomly distributed over entire dielectric. The time for plasma treatment was set at 2, 5, and 10 min, while the voltage magnitude was kept fixed at 35 kV peak to peak.
B. Composite Manufacture
CF-reinforced polypropylene (CF/PP) composites were produced by hot compression molding process. Treated and asreceived fibers (7.0 cm × 7.0 cm) were stacked in 15 layers, with intercalating films of PP between the CF fabric. A vacuum bag was made around these laminates in order to release the air between the composite layers (the vacuum was maintained throughout the pressing). The laminates of CF/PP were placed in a press, i.e., Solab model SL-11, and heated to 180
• C. A pressure of 2 MPa was applied, and the material remained in that condition for 1 h. Then, the heating was turned off, and the material naturally cooled to room temperature. This procedure produced composite laminates with a thickness of approximately 2.5 mm.
C. CF Characterization
AFM measurements were performed using a Veeco microscope Digital Instruments, model Nanoscope V, to assess the surface roughness of untreated and treated fibers. The analysis was performed in air, and the microscope operated in intermittent contact ("Tapping Mode") with the silicon tip of 50 N/m vibrating at a frequency of 0.5 Hz. The analyzed areas were of 8.0 μm × 8.0 μm size, and the topography was characterized by RMS roughness (Rq), automatically calculated by software supplied with the equipment. The surface chemical characterization was carried out by XPS on a Kratos XSAM HS spectrometer, using Mg Kα radiation (hν = 1253.6 eV, 30 W), an operating voltage of 6 kV, and an emission of 5 mA. The spectrum was obtained using software supplied with the equipment, which uses Gaussian curves to fit the peaks. It was used the value of 284.8 eV corresponding to the C-C or C-H bond (C1s peak) for calibrating the binding energy scale. The analysis of SEM were made with the Jeol microscope model JSM 5310. 
D. CF/PP Characterization
Interlaminar shear strength tests were conducted to evaluate the effect of the DBD plasma treatment on the adhesion between CFs and the polymer matrix (PP). The tests were performed according to the D 2344/D 2344M-00 standard [8] . Ten samples of 2.5 mm × 5.0 mm × 15.0 mm were cut and tested in a universal testing machine Shimadzu model Autograph AG-X. The peak force was recorded, and the shear strength of the composites was calculated by
where P is the short-beam strength (in megapascals), F is the maximum load observed during the test (in newtons), w is the measured specimen width (in millimeters), and t is the measured specimen thickness (millimeters).
III. RESULTS AND DISCUSSION
A. Electric Measurements of DBD Reactor
The discharge current was obtained through measuring the potential drop across a serial resistor of 1200 Ω. The voltage applied on the reactor was measured by a 1000:1 highvoltage probe (Tektronix P6015A) and displayed on a digital oscilloscope (Tektronix TDS 2024B). Fig. 2 shows the typical waveforms of DBD voltage and current.
The charge transported in the discharges was calculated from the measurement of potential drop on a serial capacitor of 0.91 μF.
The charge Q(t) stored on the electrodes is represented as a function of V (t) for one period after applied voltage to form the so-called Lissajous figure, Fig. 3 . In case of the filamentary DBD driven by a sinusoidal power source, the typical shape of its Q-V curve is a parallelogram. The area enclosed by the Lissajous figure gives the electrical energy consumed for the voltage cycle. The discharge power of 6.6 W was then calculated by multiplying the electrical energy by the frequency of the applied voltage (60 Hz). The discharge power as a function of the applied ac voltage is presented in Fig. 4 . Beyond the onset voltage of 11 kV, the discharge power linearly scales with the voltage amplitude. This linear behavior is a typical feature of DBDs [9] .
B. SEM Analysis
The effect of the DBD on the surface morphology of the CFs was investigated by SEM analysis. Fig. 5 depicts the images of the treated and untreated samples. The micrograph of the untreated sample shows many thin tracks aligned along each fiber. This characteristic of the CF was also observed by other authors [10] and was attributed to the wet spinning process employed to produce the polycrylonitrile (PAN) filaments used as raw material in CF processing. The SEM of the sample treated during 2 min reveals many small particles distributed over an entire surface of the fiber. These particles are product of the fiber surface etching during the DBD treatment that removes the epoxy layer covering as-received samples. As the DBD-treatment time increases the quantity of epoxy covering removed by the DBD also increases.
This kind of CF surface layer etching was also reported by other authors [1] - [7] , [10] , [11] after using RF plasma processing. The alteration of CF surface morphology was also confirmed by the AFM analysis. 
C. AFM Analysis
Results from AFM analysis indicate that the CF roughness increases as a result of the plasma treatment. Figs. 6 and 7 present the AFM images and the surface roughness (Rq) as a function of treatment time. The analyzed area was 64 μm 2 . The samples treated during 2 and 5 min showed up to a twofold increase in their roughness in comparison with the untreated fiber (Rq = 14 nm). This CF roughness enhancement would result in a better adhesion between the polymer matrix and the CFs by enlarging the surface area, which provides more points of contact/anchorage between the fiber and the matrix [12] .
However, the sample treated at 10 min shows roughness increase in only 20% in comparison with the standard specimen. This finding can be explained by the fact that, during the first several minutes of treatment, the soft epoxy layer covering the CF had been already removed and, after that, the etching went on the naked CF with lower etching rate.
This result suggests that there is an optimal processing time (on the order of 5 min), which would favor good adhesion between two phases of composite material. Longer DBD treatment times cause the decreasing of the CF surface roughness. Additionally, the decrease in the mechanical resistance of the CF fiber can be expected due to the excessive etching. Further mechanical tests will be imperative to prove this.
D. XPS
The analysis of the CFs chemical composition, provided by the XPS analysis, showed that plasma treatment incorporate oxygen and nitrogen atoms onto the surface. The O/C and N/C ratios of CFs are shown in Table I . The increase in the treatment time leads to more incorporation of O on the surface. The polar oxygen and nitrogen groups formed on the surface will lead to the increasing of the CF surface energy.
To trace the effect of plasma treatment on the CF surface, the C1s peak was investigated in detail. Fig. 8 depicts the deconvolution of C1s peaks of untreated and plasma treated CFs. The as-received CFs peak was resolved into three contributions, whose binding energies are presented in Fig. 8 . As a result of the plasma exposure, the C1 peak decreases, whereas C2 peak increases and a new contribution C4 at 289.7 eV due to O−C = O bonding appears. Table I presents the relative area of each contribution, together with its assignment.
The N atoms detected on the surface of DBD-treated CF probably come from two sources, i.e., first, from the DBD discharge in air and, second, from the fiber itself. The polyacrylonitrile (PAN), which contains nitrogen, was used as fiber precursor in the fiber manufacturing process. As long as the plasma treatment removes the epoxy layer and uncovers the CF naked surface, the XPS analysis starts detecting N atoms from the fiber precursor.
From the XPS analysis, one can conclude that oxygen atoms were efficiently incorporated on the surface of the treated fibers mainly in the form of C−O and O−C = O bondings. A considerable increase in the O/C ratio was also observed (up to 250% for 10-min DBD treatment). The polar oxygen radicals formed on the surface lead to the increasing of the CF surface energy [3] . Both the modification of surface roughness and the surface oxidation contribute for the enhancement of CF adhesion properties. These results are in agreement with the results of Li [3] that presents a significant increase in oxygen and nitrogen concentration after the CF treatment with the DBD at atmospheric pressure. 
E. Interlaminar Shear Strength Test (Short Beam)
The results of the ILSS analyses are shown in Fig. 9 . As can be observed in Fig. 9 , there is an enhancement of the shear strength from 120 up to 200 MPa for the sample treated for 5 min (an increase of 67%). Following this increase, an opposite tendency took place leading to a reduction of shear strength to about 170 MPa for the 10-min treated sample. This fact is explained by the combination of two phenomena that influence the shear strength, i.e., the introduction of polar groups on CF, which competes with the decrease in the roughness and the mechanical strength of the fiber, promoted by the etching. However, it is important to emphasize that, despite this shear strength reduction, the composites still keep a higher resistance than the untreated one.
The mechanism of the CF surface modification can be explained as follows: The CF surface is attacked by the plasma, the aromatic bonds in the basal plain are broken, and atoms are added on the surface. As a result, a number of active sites on the CF surface are achieved, thus enabling strong adhesion to the resin, as observed in [13] .
IV. CONCLUSION
CFs have been treated by the DBD varying the treatment time while the applied voltage was fixed. SEM and AFM images have shown surface morphological modifications of the CFs after the DBD process that resulted in the twofold increase in the roughness in comparison with the untreated sample (14 nm). XPS results have determined that oxygen atoms were incorporated on the surface of the treated CFs. Both the increase in surface roughness and the surface oxidation contribute for the enhancement of CF adhesion properties. For all obtained composites, the shear strength results have shown an improvement in the fiber/matrix adhesion. The highest ILSS value has been obtained at 5-min DBD treatment. Beyond this time, the shear strength declines because of the reduction in the mechanical strength of the fiber, due to etching. In conclusion, the DBD treatment of CF has proven to be a useful tool to enhance the shear resistance of CF composites. The Foundation of São Paulo State (FAPESP) supports his work. His research is focused on the treatment of carbon fiber by dielectric barrier discharge and plasma immersion ion implantation for thermoplastic composite manufacturing. He is a Professor of materials science and engineering with the Federal University of São Carlos, Brazil. His research interests are in surfaces, interfaces, and thin films, mainly in the applications of X-ray photoelectron spectroscopy in materials characterization. Her research is focused on thin films, chemical vapor deposited diamond, films doping, and plasma treatments such as plasma immersion ion implantation and dielectric barrier discharge and electrochemical analysis (corrosion tests, electrochemical impedance, etc.). She has worked with several materials, such as, diamond, metal alloys (Ti, Al, and steel), reticulated vitreous carbon, and carbon fibers.
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